ABSTRACT. Myostatin (MSTN) is a member of the transforming growth factor-β superfamily that negatively regulates skeletal muscle development and growth. In the present study, partial genomic fragments of MSTN were screened for single nucleotide polymorphisms (SNPs) in a hybrid of Culter alburnus (♀) x Ancherythroculter nigrocauda (♂) individuals from a commercial hatchery population, and two non-synonymous SNPs (c.6T>C and c.162G>A) and two synonymous SNPs (c.152G>A and c.155G>A) in exon 2 were identified. The two non-synonymous SNPs caused an amino acid change, from Ser to Pro and from Val to Ile, respectively. Genotyping by the direct sequencing of polymerase chain reaction products for these four SNPs was conducted in 190 individuals from the commercial hatchery population. Association analysis showed that one non-synonymous SNP (c.6T>C) in exon 2 was significantly associated with total length, body length, body height, head length, and body weight. Haplotype analyses re- 
INTRODUCTION
Culter alburnus (Cypriniformes, Cyprinidae, Culterinae, Culter) is a freshwater carnivorous fish species that is widely distributed in China. Owing to its large size, fast growth, and excellent taste, it has become one of the most popular fish species in Chinese aquatic markets (Cao et al., 2011) . However, this species has unwanted characteristics, such as sexual ferocity, high-protein feed requirements, is not easy to transport live, and can exhibit a strong stress reaction. Ancherythroculter nigrocauda (Cypriniformes, Cyprinidae, Culterinae, Ancherythroculter) has a high economic value and lives in the upper reaches of the Yangtze River, and has a more gentle temperament, low-protein feed requirements, and is easier to transport (Xiong et al., 2006) . For these reasons, we developed a new genetic strain by crossing a female C. alburnus with a male A. nigrocauda, in order to improve the breeding traits of C. alburnus females and A. nigrocauda males.
Myostatin (MSTN), which is also called GDF-8, belongs to the TGF-β superfamily. It is a growth factor that is mainly expressed in muscle, and regulates development and growth by inhibiting cell cycle progression. McPherron et al. (1997) found that MSTN negatively regulates the growth of skeletal muscle. Because of its role in regulating muscle development and growth, MSTN has been selected as an important candidate gene for studies on productivity, growth, and performance in domestic animals, including pigs (Yu et al., 2007) , sheep (Boman et al., 2009) , chickens , rabbits (Fontanesi et al., 2011) , and aquaculture species, such as the bay scallop (Argopecten iradians) (Guo et al., 2011) . MSTN may be an important target gene for growth improvements in cultured fish (Tang et al., 2010) . To date, no studies on MSTN polymorphisms and their possible associations with growth traits have been reported in C. alburnus or A. nigrocauda. In the present study, novel SNPs were identified in the MSTN of a commercial hatchery population. The aim of this study was to explore the association between MSTN polymorphisms and the growth traits of the cultured population.
The results of this study should be useful in evaluating MSTN as a candidate gene for markerassisted selection (MAS) for growth in C. alburnus and A. nigrocauda.
MATERIAL AND METHODS

Populations and phenotypic measurements
A commercially cultured population was generated by crossing 10 males and 10 females that were hormonally induced during the spawning season, at the Wuhan Aquaculture Science Research Institute, Hubei Province, China. Juveniles were raised in the same pond until 18 months post-hatching. Individuals were randomly sampled and the total length, body length, body height, head length, and body weight were measured. The protocol for the proj-ect was approved by the Institutional Animal Care and Use Committee of the Central China Normal University.
Genotyping and statistical analysis
Based on the complete sequence for the C. alburnus MSTN (GenBank accession number KC583257.1), a pair of primers (forward, 5'-GGTTCGTATCTTAGCCAATCT-3'; reverse, 5'-AACTCACCAGTCCATCCTCTC-3') was designed to amplify an 803-bp fragment of genomic DNA. The obtained sequences included partial intron 1 and total exon 2, corresponding to nt 703-1505 of the GenBank sequence KC583257.1. The discovery and genotyping of the SNPs in MSTN were performed by direct sequencing of the polymerase chain reaction products. Association analyses between the MSTN genotypes and the growth traits were performed using a general linear model with the SPSS 13.0 software, which was given as:
where Y is the phenotypic value of each trait, u is the mean population value of four growth traits, G is the fixed effects of the genotypes of each SNP, and e is the random error. The Popgene32 software was used to test allelic and genotypic frequencies and the Hardy-Weinberg equilibrium (HWE), and to calculate the observed heterozygosity (H O ) and the expected heterozygosity (H E ).
RESULTS AND DISCUSSION
In total, 190 individuals were sequenced and two non-synonymous SNPs (c.6T>C and c.162G>A) and two synonymous SNPs (c.152G>A and c.155G>A) were identified in exon 2. The two non-synonymous SNPs resulted in a change in amino acids (Ser to Pro and Val to Ile). The H O and H E ranged from 0.021 to 0.858, and from 0.021 to 0.491, respectively. One locus (c.6T>C) significantly deviated from the HWE (P < 0.05; H O = observed heterozygosity; H E = expected heterozygosity; HWE = Hardy-Weinberg equilibrium.
In the experimental population, the homozygosis mutational genotype was not detected for all four SNPs. The association analyses between the genotypes of the four SNPs and the five growth traits indicated that the non-synonymous SNP c.6T>C was significantly associated with all five traits. For SNP c.6T>C, the T allele frequency was higher than the C L. Cheng and Y.H. Sun allele frequency (Table 1) , and fish with the TC genotype were significantly more associated with all five traits than were fish with the TT genotype (P < 0.01; Table 2 ). BW = body weight; TL = total length; BL = body length; BH = body height; HL = head length. The different superscript letters within a column mean significant difference (P < 0.01).
These results indicate that C alleles had a positive effect on growth in the tested population. The other three SNPs had no significant association with any of the five growth traits. Five haplotype combinations were found in the population, based on the four SNP loci. Four major haplotype combinations, which included 186 individuals, were used for the association analyses; one haplotype combination was excluded because of a low number of individuals. For the five growth traits, individuals with haplotype H1H3 exhibited the best growth performance (P < 0.05 or 0.01; Table 3 ). BW = body weight; TL = total length; BL = body length; BH = body height; HL = head length. The different superscript letters within a column mean significant difference (P < 0.05). The same superscript letters within a column mean no significant difference (P > 0.05).
Although the MSTN of C. alburnus has been published in GenBank, there is no report of the effects of the MSTN SNPs on growth traits. Our study is the first examination of the four MSTN SNPs in an hybrid C. alburnus, and is also the first report of a significant association between these polymorphisms and growth traits in a commercial population of C. alburnus. Our results show that an SNP in exon 2 of the MSTN may have had a positive impact on the growth of hybrid Culter. Fish with TC genotypes exhibited a superior growth performance, and may be kept for further breeding studies. We assume that this mutation changed the protein structure, which consequently affected growth performance. Many studies have shown that SNPs in MSTN affect the growth performance of aquaculture animals. Wang et al. (2010) found that one non-synonymous SNP in MSTN exon 2 is significantly associated with growth traits, and can facilitate muscle growth in the Zhikong scallop (Chlamys farreri). In addition, Liu et al. (2012) identified one SNP in the 3ꞌ-regulatory region of the MSTN that is significantly associated with three growth traits (body weight, total length, and body length) in the bighead carp (Hypophthalmichthys nobilis). However, a single locus may only provide limited information about the association between SNP polymorphisms and economic traits.
Some association studies had demonstrated that if the genotypes of two or more SNPs were linked, they would be more informative (He et al., 2008 (He et al., , 2011 . Our analyses shows that fish with H1H3 exhibited a much better growth performance than those without H1H3, possibly because of the inclusion of favorable C and A alleles, and these individuals may be kept for further breeding studies; allelic interactions and the gene expressions of different SNPs on growth traits will be further studied. The advantage of genic SNP markers is their location in the DNA regions that code proteins for the somatotropic axis, meaning that they are more likely to be near quantitative trait loci (QTLs), which affect growth (Tao and Boulding, 2003; Lei et al., 2007) . The use of molecular markers linked to QTLs can provide an accurate estimation of breeding values for animals prior to obtaining accurate phenotypic information, and could be used in MAS (Hayes et al., 2007) . Our results show that the SNP in the MSTN coding region was an important factor in the variance of growth traits; therefore, it could act as a candidate gene for C. alburnus breeding.
In the present study, four novel SNPs were identified in a hybrid of C. alburnus (♀) x A. nigrocauda (♂) MSTN, and one non-synonymous SNP in exon 2 was significantly associated with five growth traits. Fish with one of the combined haplotypes (H1H3) also exhibited better growth performance. This study provides further evidence of associations between MSTN polymorphisms and growth traits in a hybrid, and these results would be valuable for the candidate gene approach and the use of MSTN for MAS in C. alburnus and A. nigrocauda.
